Abstract-Arm inductor in a modular multilevel converter (MMC) is used to limit the circulating current and dc short circuit fault current. The circulating current in MMC is dominated by second-order harmonic, which can be largely reduced with circulating current suppressing control. By analyzing the mechanism of the circulating current suppressing control, it is found that the circulating current at switching frequency becomes the main harmonic when suppression control is implemented. Unlike the second-order harmonic that circulates only within the three phases, switching frequency harmonic also flows through the dc side and may further cause high-frequency dc voltage harmonic. This paper develops the theoretical relationship between the arm inductance and switching frequency circulating current, which can be used to guide the arm inductance selection. The experimental results with a downscaled MMC prototype verify the existence of the switching frequency circulating current and its relationship with arm inductance.
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I. INTRODUCTION
T HE modular multilevel converter (MMC) proposed in [1] - [3] is a topology mainly suitable for medium-or high-voltage and high-power applications. It is the stateof-the-art topology for high-voltage direct current (HVDC) transmission, and has been demonstrated in commercial projects [4] , [5] . Recently, the interest on MMC for mediumvoltage high-power motor drive is growing, such as for railway traction [2] , [6] and the emerging electric ship [7] , [8] . MMC as a multilevel converter can provide highquality output-voltage waveform with low switching frequency compared with the two-level converter; on the other hand, the modular structure simplifies the converter circuit and allows MMC to achieve much higher voltage levels than other multilevel topologies, such as diode-clamped, flying capacitor, and cascaded H-bridge converters. One known obstacle of MMC to be used for medium-voltage motor drive is the difficulty during startup and low-speed operation, as the submodule capacitor voltage ripple is inversely proportional to the output current frequency [9] . Several solutions have been proposed and demonstrated by injecting high-frequency common mode voltage to transfer the lowfrequency capacitor fluctuation to high-frequency ripple [9] , [10] . Fig. 1 shows the basic circuit configuration of a threephase MMC. Each arm of the MMC is a series connection of an inductor and many submodules. A typical submodule topology is the half-bridge circuit with a dc capacitor as in Fig. 1 .
The arm inductor is a key component in MMC, and also a major contribution to the overall converter size. For HVDC application, the MMC arm inductance is selected based on the circulating current suppression and dc fault current limiting requirements. The circulating current increases the converter power loss and usually prefers to be suppressed. The dominant circulating current component is the secondorder harmonic [11] , and the analytical relationship between arm inductance and second-order circulating current has been developed in [12] and [13] . The impact of the arm inductor on dc short circuit fault current has been investigated through fault analysis in [14] and [15] . Zhang et al. [14] developed an 2168-6777 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
engineering method to calculate the fault current considering different operating conditions. Normally, the arm inductances required by these two criteria are close. Therefore, the arm inductance can be selected based on the circulating current suppression requirement, and if it is not enough for limiting the fault current, ac side inductance can be increased to meet the requirement. For medium-voltage motor drive, the MMC arm inductance selection has not been fully discussed yet. Unlike the HVDC case, the dc fault limiting function is usually not considered for the inductance design as the MMC is not connected to the grid. Furthermore, several active methods (circulating current suppressing control) have been later proposed to suppress the circulating current [16] - [18] . With the suppression control, the second-order circulating current can be largely reduced. The arm inductance requirement based on circulating current suppression is reduced as well [19] , and the selection criterion in [12] and [13] is no longer valid, for either the HVDC or motor drive application. This paper focuses on the MMC arm inductance design for medium-voltage motor drive application considering the circulating current suppressing control.
The remainder of this paper is organized as follows. Section II explains the mechanism of the circulating current suppression control. Section III introduces the switching frequency circulating current, and develops its relationship with arm inductance. The experimental results are presented in Section IV to validate the theoretical analysis.
II. MECHANISM OF CIRCULATING CURRENT SUPPRESSING CONTROL
The circuit configuration of the MMC with half-bridge submodule is shown in Fig. 1 . In each submodule, the capacitor can be either "inserted" into the arm circuit by turning ON the upper switch and turning OFF the lower switch, or "bypassed" with the opposite switching states. In Fig. 1 , L arm denotes the arm inductance and C sub denotes the submodule capacitance. v dc is the dc link voltage and v ac represents the ac side voltage. v up and v low are the upper and lower arm voltages, respectively. The arm voltage is the summation of capacitor voltages (v c ) of those inserted submodules in each arm. The number of the inserted submodules is defined by the insertion index, which is denoted by n up and n low for the upper and lower arm, respectively.
The references for the upper and lower arm voltages can be obtained as
Assuming that the submodule capacitor voltages are well balanced, the required insertion indices are
where v c_up and v c_low are the submodule capacitor voltages for the upper and lower arm, respectively.
A. Without Circulating Current Suppressing Control
Equations (3) and (4) show that the insertion indices are related to the submodule capacitor voltages. The traditional method (direct modulation in [20] ) uses the average submodule capacitor voltage, which is
Inserting (5) into (3) and (4) yields the insertion indices. According to [13] , the resulted arm voltages using these insertion indices can be expressed as
where v cir represents the arm voltage difference compared with (1) and (2). This voltage difference is caused by the approximation in (5), as the capacitor voltages are not constant. The summation of (6) and (7) is defined as the phase-leg voltage, which is
If the dc link voltage is controlled constant or supplied by a constant dc voltage source, the voltage applied on the arm inductor will be equal to 2v cir . According to [13] , the components of v cir are even harmonics, and the most significant component is the second-order harmonic. Secondorder harmonics in three phases are 120°phase shifted from each other. Therefore, the induced current will not present itself on the dc side, but circulates within the three phases. This is why the induced current is called circulating current.
B. With Circulating Current Suppressing Control
Circulating current in MMC increases the RMS current flowing through the power devices and as a result the converter power loss. Arm inductors can be used to suppress the circulating current, but due to its low frequency, very large inductance is needed. Several active methods have been proposed to reduce the circulating current. Antonopoulos et al. [16] used a more accurate capacitor voltage approximation that considers the capacitor voltage variation, and several active controllers have been proposed in [17] and [18] to compensate for the insertion index. The basic ideas of these methods are similar, and the method in [17] is considered in this paper. A common mode component is added to the insertion indices in (3) and (4). Thus, the insertion indices with circulating current suppressing control can be expressed as where " " is used to differentiate the variables with circulating current suppressing control. With these insertion indices, the produced arm voltages are obtained as
The induced phase-leg voltage is thus derived as
The phase-leg voltage can be equal to the dc voltage by controlling n cir . Theoretically, the circulating current harmonics lower than the bandwidth of the MMC inner controller can be eliminated. As stated previously, second-order harmonic component dominates the circulating current, whose frequency is much lower than the controller bandwidth.
III. SWITCHING FREQUENCY CIRCULATING CURRENT
The circulating current suppressing controller can effectively eliminate the second-order harmonic, however, not the higher frequency harmonic like at switching frequency, which is beyond the bandwidth of the controller. The switching frequency circulating current can then be limited only by the arm inductors. This section will explain the mechanism of the switching frequency circulating current.
For motor drive application, the number of submodules of MMC is usually not large. Modulation scheme with pulsewidth modulation (PWM) is usually needed to achieve the harmonic requirements, not like the case for HVDC where staircase modulation is more preferred. The modulation scheme proposed in [20] is considered in this paper. Fig. 2 explains how the modulation scheme uses PWM to approximate the reference voltage. In each switching period, only one submodule per arm outputs PWM voltage, while the other submodules are either inserted or bypassed for the whole switching period. This submodule is denoted as "PWM submodule" in this paper. The number of inserted submodules in the upper arm and the duty cycle of the PWM submodule can be expressed as
D up = n up − n up (15) where x is the largest integer that is not greater than x. Fig . 3 shows the pulsewidth voltages generated for the PWM submodules. The reference voltages are compared with the triangular carriers to decide whether the submodules should be inserted or bypassed. The triangular carriers for the upper and lower arms are complementary. The reference voltages are actually the representation of the duty cycles of the PWM submodules. When circulating current suppressing control is not implemented, the summation of PWM submodule duty cycles for the upper and lower arms equals to one based on (3)-(5), which means that there are always N submodules inserted in one phase leg. Thus, the voltages of PWM submodules in the upper and lower arms are complementary. Based on (6) and (7), the resulting phase-leg voltage is not equal to the dc voltage and the voltage difference is 2v cir . The difference between phase-leg voltages of stages I and III and stage II in Fig. 3 is due to the submodule capacitor voltage difference between the upper and lower arms.
As circulating current suppressing controller introduces a common mode component into the insertion indices, the voltages of PWM submodules in the upper and lower arms are no longer complementary, but have an overlap as shown in Fig. 3 . Additional submodules would be inserted or bypassed in the circuit based on the sign of n cir during the overlap period, which means that the number of submodules inserted in one phase leg is no longer always N. The phase-leg voltage will have two pulses with magnitude of v c in each switching period due to the circulating current suppressing control. Fig. 4 shows the resulting phase-leg voltage with the circulating current suppressing controller and the corresponding circulating current in one switching period. Due to the overlap period in stages II and IV, the circulating current has a saw-tooth shape. If without circulating current suppressing controller, the phase-leg voltages in stages II and IV should be similar to other periods, and the circulating current either keeps increasing or decreasing in the whole switching cycle, causing the double fundamental-frequency circulating current. But with the circulating current suppressing controller, the voltages in stages II and IV can compensate for the voltage differences in the other three periods and make the average value of the phase-leg voltage in each switching cycle equal to the dc voltage. The average of the circulating current over one switching cycle will be zero, to eliminate the second-order circulating current. However, as shown in Fig. 4 , there will be switching frequency harmonic as a side effect. In order to calculate the switching frequency circulating current, the voltage difference between the phase-leg voltage and dc voltage should be obtained. Based on [13] , v cir can be derived as
where C sub is the submodule capacitance, M is the modulation index, and φ is the phase difference between v ac and i ac . As shown in Fig. 4 , the peak current would occur either at points A and D, or at B and C, determined by the length of periods I, V, and III. Considering that the overlap periods are relatively small, the longest time period among I, V, and III can thus be derived as
where T s is the switching period. Thus, the peak to peak value of the switching frequency circulating current can be derived as
In order to design the arm inductance, the worst case with maximum switching frequency circulating current should be identified. Assuming that the maximum modulation index is one, the maximum v cir can be derived as
As shown in Fig. 4 , the largest T would be close to T s . Thus, the maximum switching frequency circulating current is obtained as
It shows that the switching frequency circulating current is related to both the arm inductance and submodule capacitance. The submodule capacitance is mainly designed by its voltage ripple requirement. Therefore, the arm inductance requirement based on the switching frequency circulating current can be derived.
However, in order to design the arm inductance, the impact of the switching frequency circulating current needs to be understood. Unlike the low-frequency circulating current that flows only within three phase legs, the switching frequency circulating current can also flow to the dc side [21] . Fig. 5(a) shows a typical equivalent circuit for MMC. The stack of submodules in each arm is represented by a controllable voltage source. The dc link voltage can be expressed as
where v j _up and v j _low ( j = a, b, c) are the upper and lower arm voltages for phase j , respectively. i j is the dc loop current in phase j , including the dc component and circulating current. Considering all three phases for (21), the dc voltage can be expressed as
Based on (22), a simplified MMC equivalent circuit is derived and shown in Fig. 5(b) . The equivalent phase-leg voltage v eq_leg is the average of the three phase-leg voltages, and the equivalent arm inductance L eq_arm is equal to 2L arm /3. As explained earlier, the phase-leg voltage for each phase should have pulses in each switching cycle, and the average phase-leg voltage of three phases should still have these pulses. Therefore, the switching frequency circulating current can have a flow path through dc, and is limited by the arm inductor and dc side inductor if there is any.
IV. EXPERIMENTAL VERIFICATION
A three-phase MMC prototype with two submodules per arm is developed to verify the analysis of the switching frequency circulating current. The experimental setup is shown in Fig. 6 . The developed MMC prototype is connected to a constant dc voltage source, and operates in inverter mode. The ac side is connected to an inductive load that consists of resistors and inductors. The key experimental parameters are listed in Table I . The prototype has two control units, a TI TMS320F28335 Digital Signal Processor (DSP) and an Altera Cyclone III Field-Programmable Gate Array (FPGA). The DSP is used as the main controller, responsible for ac current/voltage control and circulating current control. The arm voltage reference is generated in DSP, and then sent to FPGA. As the auxiliary controller, the FPGA executes the voltage-balancing control and generates PWM signals for each submodule. The overall control diagram is explained in Fig. 7 . Fig. 8 shows the test results with a relatively large arm inductor (1 mH). The circulating current suppression controller is implemented. As shown in the waveforms, the circulating current mainly contains the dc component, and the secondorder circulating current is almost eliminated. Fig. 8 also shows the two capacitor voltages in the same arm. They are nearly the same, which validates the effectiveness of the voltage-balancing control. Fig. 9 shows the experimental result with 0.1 mH arm inductor, which is 1/10 of that in Fig. 8 . The test results show the circulating current contains high-frequency harmonics. Experimental results at L arm = 1 mH with circulating current suppressing control. Fig. 9 . Experimental results at L arm = 0.1 mH with circulating current suppressing control. Fig. 10 shows the waveform with a small time scale of the circulating current and corresponding phase-leg voltage. The waveform matches the theoretical analysis in Fig. 3 , which validates the existence of the switching frequency circulating current.
Tests with different arm inductors have been conducted. Fig. 11 shows a comparison of the theoretical and experimental values of the maximum peak to peak switching frequency circulating currents with different arm inductors. The experimental results have a close agreement with the calculation using the derived relationship in (20) . Fig. 12 shows the experimental result with an extreme small arm inductance of 15 μH. The switching frequency circulating current is further increased, and it clearly shows that dc current contains high-frequency harmonic. And if the dc side has inductor, the converter dc terminal voltage will see switching frequency harmonics, as shown in Fig. 13 , which uses a 1 mH inductor on the dc side. The ripple voltage could be as high Maximum switching frequency circulating current versus arm inductance. Fig. 12 . Experimental results at L arm = 0.015 mH with circulating current suppressing control enabled. as 2/3 of the submodule capacitor voltage as shown in Fig. 14 . Therefore, the switching frequency circulating current should also be limited. 
V. CONCLUSION
The circulating current suppressing control in MMC adds the common mode component into the arm voltages to compensate for the submodule capacitor voltage fluctuation. The average of the phase-leg voltage is controlled to be equal to the dc voltage, which can theoretically eliminate the lowfrequency circulating current. However, it will generate pulse voltages in each switching cycle on the phase-leg voltage, causing switching frequency circulating current. Therefore, the MMC arm inductance selection, especially for motor drive applications, is limited by the switching frequency circulating current instead of the low-frequency harmonic.
The analytical expression of the switching frequency circulating current is theoretically developed. The peak to peak switching frequency circulating current is shown to be inversely proportional to the arm inductance. The experimental results using a down-scaled prototype verify both the existence of the switching frequency circulating current and its relationship with the arm inductance. Unlike the low-frequency circulating current that flows only within three phase legs, the switching frequency circulating current can also flow to the dc side. If the dc side has a comparable inductor, there will be large switching frequency harmonic on the dc terminal voltage as well. With a defined maximum value of the switching frequency circulating current, the derived relationship can be used to select the required arm inductance.
